INTRODUCTION {#s1}
============

Inflammatory bowel disease (IBD) is a chronic, relapsing, and remitting disease characterized by intestinal inflammation. Most patients with IBD harbor an underlying genetic risk affected by environmental factors, including the microbiome ([@R1]). To date, in excess of 230 genes have been associated with IBD, mostly through genome-wide association studies (GWAS) ([@R2],[@R3]). The first locus implicated in the risk of developing disease was on chromosome 16 and was mapped to *NOD2* in the early 2000s ([@R4]--[@R6]). There are limited data implicating homozygote and compound heterozygote *NOD2* variants as disease-causing in an autosomal recessive (AR) inheritance pattern ([@R7],[@R8]). The success of prospective projects based on microbiome and RNA sequencing data, such as PROTECT, has brought into focus the need for improving predictive algorithms by also utilizing precise genetic diagnoses ([@R9],[@R10]).

High throughput next generation sequencing (NGS) technologies are powerful for detection of genetic conditions. NGS is already being routinely exploited in mainstream diagnostics of rare disease to substantial patient benefit ([@R11]). As yet, NGS technology has seen little clinical implementation in complex diseases such as IBD ([@R12]). However, it has aided discovery of IBD risk genes and identified precise causative variants, alongside informing genotype-phenotype correlations ([@R13]--[@R15]). Molecular diagnosis using NGS relies on accurate clinical phenotyping and functional assessment of mutations. *De novo* and homozygous recessive inheritance is most easily detected, but detection of compound heterozygosity (supplementary figure 1, <http://links.lww.com/CTG/A174>) is more difficult ([@R16]).

The vanguard of NGS application in IBD is in the identification of a rare subset of conditions that are Mendelian disorders, masquerading as IBD ([@R17],[@R18]). These are a group of diseases (currently underpinned by variation in 68 genes) typically detected in very early onset IBD (VEOIBD) with severe and atypical features ([@R17],[@R19]). Monogenic forms of IBD are often the manifestation of an underlying immune deficiency or epithelial barrier dysfunction and have specific management considerations ([@R19]).

Personalizing medication from the increasing array of targets that now include the JAK-STAT pathway (tofacitinib), IL12/IL23 signaling (ustekinumab), and anti-integrins (α4β7, vedolizumab), alongside anti-TNF and immunomodulators, must move to target the specific patient\'s underlying cause for disease ([@R20]).

This study aimed to apply exome sequencing to a cohort of typical pediatric patients with IBD to identify clinically relevant variants within monogenic IBD genes, using standard guidelines, and correlate with patient phenotype. Furthermore, we apply a novel *per-gene* deleteriousness score to assess the contribution of monogenic variation to disease phenotype.

METHODS {#s2}
=======

Patients were recruited from the Wessex regional pediatric IBD service at Southampton Children\'s Hospital to the genetics of pediatric IBD study (2010 to present). The eligibility criteria for recruitment was a confirmed histological diagnosis of either Crohn\'s disease (CD), ulcerative colitis (UC), or IBD unclassified (IBDU), in line with the Porto criteria, and age less than 18 years ([@R21],[@R22]).

DNA extraction {#s2-1}
--------------

Patient DNA was extracted from peripheral venous blood samples collected in EDTA using the salting-out method, or from saliva, as previously described ([@R23]).

Whole exome sequencing data processing {#s2-2}
--------------------------------------

Raw FASTQ sequencing data from patients with pediatric-onset IBD were processed using our in-house pipeline ([@R24]). verifyBamID was used to check the presence of DNA contamination across the cohort ([@R25]). Alignment was performed against the human reference genome (hg19 assembly) using BWA-MEM ([@R26]) (version 0.7.12). Aligned BAM files were sorted and duplicate reads were marked using Picard tools (version 1.97). Following GATK v3.7 ([@R27]) best practice recommendations ([@R28]), variants were called using GATK HaplotypeCaller to produce a gVCF file for each sample and later jointly genotyped.

Annotation of this composite file applied ANNOVAR v2016Feb01 using default databases RefSeq gene transcripts (RefGene), deleteriousness scores databases (dbnsfp33a, CADD 1.3, and DANN), dbSNP147, and the human genetic mutation database (HGMD Pro 2018) flat file ([@R29]). Variant allele frequencies were sourced through the genome aggregation database (gnomAD) ([@R30]). HaplotypeCaller default settings were used corresponding to variants with a minimum Phred base quality score of 20 being called.

Monogenic IBD gene list {#s2-3}
-----------------------

A list of 68 genes previously implicated in monogenic IBD was established, supplementary table 1, <http://links.lww.com/CTG/A175>. This list combined genes reported by Uhlig et al. (2014) (n = 50), Uhlig and Muise (2017) (n = 15), Girardelli et al. (2018) (n = 1), and through direct correspondence with the International Early-Onset Paediatric IBD Cohort Study consortium (NEOPICS) (n = 2) ([@R18],[@R19],[@R31]). The reported inheritance pattern for each monogenic disease gene was determined as either autosomal dominant (AD), AR, or X-linked (XL). The *NOD2* inheritance pattern was treated as AR ([@R7],[@R31],[@R32]).

Variant filtering {#s2-4}
-----------------

A total of 1,405 high-quality variants (Phred \>20) were called across the 68 monogenic IBD genes in 401 pediatric patients with IBD. We applied a crude preliminary filter to exclude variants with no previous evidence for causality in publicly available databases (HGMD Pro 2018 and ClinVar 2018) or those that are common and have *in silico* evidence of being benign ([@R29],[@R33]). Variants with the following annotation in HGMD and/or ClinVar were retained for further investigation:HGMD---Disease-associated polymorphism with supporting functional evidence---*DFP* or disease-causing mutation-*DM* or probable/possible pathological mutation---*DM?*ClinVar---Pathogenic, Likely Pathogenic

Any variants fulfilling these criteria were scrutinized to confirm their pathogenic status was in the context of IBD or monogenic disorders with bowel inflammation, whereas variants achieving pathogenic status because of an unrelated clinical phenotype were excluded.

Because HGMD and ClinVar fail to annotate a subset of variants, a second filtering strategy was applied. Variants without any HGMD or ClinVar annotation were retained based on the following criteria: (i) Coding context---(ExonicFunc.knownGene) "Exonic" or "Splicing" AND; (ii) CADD Phred score \>20 AND; (iii) gnomAD "all genomes" frequency \<0.01 or Novel.

Variants withstanding the filtering strategies above were only retained if they were inherited in the correct zygosity to be disease causing. For genes reported as AD, heterozygous variants were retained; for genes reported as AR, homozygous variants were retained; and for genes reported as XL, hemizygous men (one allele on the X chromosome in males) or homozygous females were retained. Patients harboring 2 or more different variants within the same gene throughout were tested for compound heterozygosity using Sanger sequencing of the proband and parental DNA. Confirmed compound heterozygous variants were retained (see supplementary dataset 2, <http://links.lww.com/CTG/A173>).

This substantially reduced the number of patients and variants that warranted close scrutiny for consistency with the American College of Medical Genetics (ACMG) guidelines ([@R34]). An independent literature review was conducted to collate validated functional evidence for all 35 variants (supplementary table 2, <http://links.lww.com/CTG/A176>). Validated functional evidence was defined as one or more report(s) describing reduced/absent protein function including impact on downstream signaling/protein expression, nonsense-mediated decay, or deletions. These data were used to annotate each variant according to the ACMG criteria for pathogenicity. Each patient underwent final classification to determine if their variant profile fulfilled the criteria for "pathogenic" or "likely pathogenic" according to the ACMG rules for combing criteria to classify sequence variants ([@R34]).

Phenotypic characterization {#s2-5}
---------------------------

In depth, longitudinal, clinical phenotyping was extracted for all patients in the cohort including diagnostic and follow-up information (Supplementary data 1, <http://links.lww.com/CTG/A172>). Phenotypic characteristics were transformed to binary or continuous data for use in regression analyses. The follow-up duration was calculated for each patient based on the date of diagnosis and last recorded clinical contact.

Application of GenePy *in silico* score {#s2-6}
---------------------------------------

GenePy is a novel software that combines the effect of multiple variants occurring within any given set of genes into *a single score for each gene for each individual* ([@R24]). By scoring whole gene pathogenicity within an individual, GenePy allows for interpretation on a patient-by-patient basis. GenePy incorporates biological information on variant deleteriousness (using an *in silico* predictor such as DANN ([@R35])), population frequency, and observed zygosity for each variant. All variants meeting minimum genotyping quality (\>20) were retained for GenePy using VCFtools. Because GenePy scores can be applied in a case-control comparison within ethnic subgroups, *peddy* software was used to infer relatedness and ethnicity (with a probability \>90%) for all patients with IBD ([@R36]). A cohort of 173 non-IBD Caucasian ethnicity individuals (EUCLIDS consortium) for whom whole exome sequencing (WES) data were available were used as controls.

GenePy scores are quantitative values that follow a *Poisson* distribution, whereby for any given gene, most patients have a score close to zero and high scores are rare. It is expected that most patients will have scores in the same range because controls with a small subset of patients incur high scores. It is possible to assess evidence for gene causality by selecting the most extreme scores in right tail of the GenePy distributions in cases and compare with the same proportion in controls using a one-tailed Mann-Whitney *U* test.

Statistical significance was corrected for multiple testing using the false discovery rate. Enrichment for a diagnosis of either CD or UC was assessed using the Fisher exact test. Forward stepwise linear regression was performed using R (v3.6.0) and SPSS (v24, IBM) software.

Ethical approval and patient involvement {#s2-7}
----------------------------------------

The study has ethics approval from Southampton and South West Hampshire Research Ethics Committee (09/H0504/125). Patients and families are involved in guiding research strategy through local research events and in dissemination of results through our research website.

RESULTS {#s3}
=======

Four hundred one patients were included in the analysis. Mean age at diagnosis was 11.92 years (range 1.3--17.39), 40.9% were women, and 64.8% had a diagnosis of CD. Children diagnosed before the age of 6 years (VEOIBD) accounted for 7.5% of patients (n = 30), and a further 17.2% (n = 69) were diagnosed with early onset IBD (EOIBD), aged 6 or older and less than 10 years. The remaining 75.3% patients (n = 302) were diagnosed between the age of 10 and 18 years and designated pediatric-onset IBD (POIBD) (Table [1](#T1){ref-type="table"}). The median follow-up time for the entire cohort was 4.6 years (range 0.15--17.7).

###### 

Demographic characterization of patient cohort

![](ct9-11-e00129-g001)

ACMG "pathogenic" or "likely pathogenic" monogenic IBD gene variants {#s3-1}
--------------------------------------------------------------------

Initial filtering excluded 1,345 variants across 312 patients. Subsequent variant confirmation by zygosity and Sanger sequencing excluded 27 patients, and application of the ACMG guidelines excluded a further 16 patients (Figure [1](#F1){ref-type="fig"}). Twenty-nine variants fulfilled the ACMG standards to be classified as "pathogenic" or "likely pathogenic" across 46 patients (11.5% of the cohort) and are discussed in detail below (Table [2](#T2){ref-type="table"}).

![Flowchart of variant-filtering detailing variant/patient exclusions at each filtering stage. ∞Two patients appear in both variant confirmation pathways (correct zygosity and potential compound heterozygote) of the flowchart. \*Includes one patient (harboring *TRIM22* R317K/R442K) who was assumed to be compound heterozygote but segregation analysis was not possible because of lack of parental DNA.](ct9-11-e00129-g002){#F1}

###### 

Genetic and phenotypic characterization of 29 variants across 46 patients with "pathogenic" or "likely pathogenic" monogenic IBD gene variants
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"Pathogenic" or "likely pathogenic" variants were observed in 16.7% of patients with VEOIBD, 11.6% of patients with EOIBD, and in 10.9% of those with POIBD (Supplementary tables 3--5, <http://links.lww.com/CTG/A177>, <http://links.lww.com/CTG/A178>, <http://links.lww.com/CTG/A179> provide variant annotation). Recurrent variants were observed in *NOD2* (20 patients), *TRIM22* (5 patients), *CD40LG* (5 patients), *WAS* (4 patients), *NCF2* (3 patients), *STAT1* (3 patients), *DKC1* (2 patients), and *DCLRE1C* (2 patients). One patient was identified with variant(s) in each of *XIAP*, *NCF1*, and *MASP2.* A single patient harbored a hemizygous variant in each of *WAS* and *STAT1* genes.

Twenty-three patients had "pathogenic" or "likely pathogenic" compound heterozygous variants confirmed through Sanger sequencing in *DCLRE1C*, *NCF2*, *TRIM22*, and *NOD2*. One additional patient (harboring *TRIM22* R317K/R442K) was assumed to be compound heterozygote, but segregation analysis was not possible because of a lack of parental DNA. Without exception, all *potential* compound heterozygote variant pairs within *NOD2*, *TRIM22*, and *DCLRE1C* (representing 16, 3, and 2 patients, respectively) were confirmed after segregation analysis. Conversely, potential compound heterozygote variants in *NCF2* correctly segregated in only 2 of 8 patients, where failure to segregate was consistently because of the *NCF2* P454S variant co-occurring on the same parental haplotype as the H389G variant.

Phenotypic characteristics of monogenic variants {#s3-2}
------------------------------------------------

Phenotypic characteristics of the 46 patients with a "pathogenic" or "likely pathogenic" monogenic IBD variant(s) are detailed in Table [2](#T2){ref-type="table"}.

NOD2 variants---a monogenic stricturing disease phenotype {#s3-3}
---------------------------------------------------------

Twenty patients (5% of all IBD) harbored one or more of 11 variants consistent with an AR pattern of inheritance; 19 of 20 (95%) patients had a diagnosis of CD, representing 7.3% of patients with CD. A novel variant (E963G) predicted to be highly deleterious (CADD 27.3) was observed in a single patient.

In the 19 patients with CD with "pathogenic" or "likely pathogenic" *NOD2* variants, 13 had stricturing disease (68.4%). Stricturing disease behavior was seen in 38 of 240 (15.8%) of the remaining patients with CD, translating to an odds ratio (OR) of 11.52 (relative risk \[RR\] 4.32) in patients with monogenic *NOD2* CD (χ^2^ = 30.3, *P* = 2.0 × 10^−6^). To assess whether this stricturing phenotype was solely a function of disease location, we tested the rate of stricturing disease in monogenic *NOD2*-related disease patients with ileal location compared with those non-*NOD2* patients with ileal location. Where approximately 20% of non-*NOD2* patients with CD with ileal disease developed strictures, 70% of patients with "pathogenic" or "likely pathogenic" *NOD2* variation, and ileal location were subsequently diagnosed with stricturing disease (χ^2^ = 20.4, *P* = 6.0 × 10^−6^, Supplementary Table 6, <http://links.lww.com/CTG/A180>).

Patients with monogenic *NOD2*-related disease were at significantly increased risk of undergoing intestinal resection (right hemicolectomy). Surgical resection had occurred in 12 of 19 (63.2%) monogenic *NOD2* patients with CD compared with 33 of 259 (13.8%) non-*NOD2* patients with CD (OR 10.75, RR 4.59, χ^2^ = 29.8, *P* = 4.9 × 10^−8^, Supplementary Table 7, <http://links.lww.com/CTG/A181>).

TRIM22 variants---severe variable disease phenotype {#s3-4}
---------------------------------------------------

All 5 patients with "pathogenic" or "likely pathogenic" *TRIM22* variants had at least one copy of the R321K variant, with a single patient harboring this variant in homozygote form. A variable but severe disease phenotype was seen in all 5 patients. Patient \#19 had a moderate-severe disease course requiring treatment with anti-TNF monoclonal therapy, but no fistulating or stricturing disease emerged during the follow-up period. Patient \#20 was diagnosed with CD at 12 years of age, was treated with monoclonals but developed a stricturing phenotype within 2.5 years of follow-up. Patient \#21 was diagnosed at 14 years of age with UC and had a mild disease phenotype requiring 5-ASA and thiopurine treatment. Patient \#22 had very early onset of CD, a severe fistulating perianal phenotype requiring multiple surgical procedures, and anti-TNF therapy consistent with the phenotypic spectrum previously reported in 3 *TRIM22* cases ([@R37]). Patient \#23 was diagnosed with CD at 9 years of age and a severe disease course leading to subtotal colectomy for refractory disease at 11 years of age.

WAS variant (P460S)---severe ulcerative colitis with liver disease {#s3-5}
------------------------------------------------------------------

Of the 4 patients with "pathogenic" or "likely pathogenic" *WAS* alleles, 2 patients (hemizygous for P460S) presented with a markedly distinct phenotype. Patient \#6 was diagnosed with severe and extensive UC at 11 years of age, requiring an early colectomy within 2 years and a subsequent diagnosis of primary sclerosis cholangitis (PSC). Intermittent thrombocytopenia and recurrent infections was recorded throughout their disease course consistent with the previously described phenotype for this variant in Wiskott-Aldrich syndrome ([@R38],[@R39]). Patient \#7 was diagnosed at 14 years of age and also had severe UC refractory to treatment that required a colectomy. This patient was also diagnosed with PSC.

Additional monogenic variants {#s3-6}
-----------------------------

Patients with *XIAP*, *MASP2*, and *NCF2* "pathogenic" or "likely pathogenic" variants had a phenotype largely consistent with previous reports for those genes ([@R40]--[@R42]), whereas those with *CD40LG*, *DKC1*, *DCLRE1C*, *NCF1*, *and STAT1* variants were more heterogenous in their clinical profile.

Monogenic genes harbor significantly higher mutation burden in IBD patients {#s3-7}
---------------------------------------------------------------------------

Forty-four patients were of nonwhite ethnicity and excluded from association analyses. GenePy scores were successfully generated for 67 of the 68 monogenic IBD genes, where at least one high-quality missense or insertion/deletion variant was annotated in exonic regions (Supplementary table 1, <http://links.lww.com/CTG/A175>).

When comparing the top 10% of GenePy scores between IBD and controls, 8 genes accrued significantly higher scores in IBD cases. Following false discovery rate correction, *ADA*, *FERMT1*, *LRBA*, and *NOD2* remained significant (Table [3](#T3){ref-type="table"}). Patients identified as having extreme GenePy scores within *NOD2* were significantly enriched for patients with CD (0.0046). No other genes were enriched for either IBD subtype. Of the 20 patients with "pathogenic" or "likely pathogenic" *NOD2* variant(s), 15 were present in the top 10% *NOD2* GenePy scores. We excluded all patients with monogenic *NOD2* variants and recalculated the Mann-Whitney *U* statistics. This confirmed a persistent significant difference (*P* = 0.0035) in cases compared with controls and confirms that those patients failing the threshold to have "pathogenic" or "likely pathogenic" *NOD2* variation harbor a significant excess of pathogenic *NOD2* mutations.

###### 

GenePy score comparison between top 10% of patients with IBD (n = 36) with top 10% of controls (n = 18)
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Phenotypic assessment of patients with extreme GenePy scores {#s3-8}
------------------------------------------------------------

After correction for multiple testing, 4 genes maintained evidence for a significant burden of gene pathogenicity scores (*ADA*, *FERMT1*, *LRBA*, and *NOD2*). Evidence for distinctive phenotypic characteristics conferred by each of these genes was tested using linear regression. GenePy scores for all patients (regardless of IBD subtype) were regressed against clinical features (Supplementary data 1, <http://links.lww.com/CTG/A172>), and significant associations are detailed in Table [4](#T4){ref-type="table"}. Patients with inflated GenePy scores in the *ADA* gene were enriched for men (*P* = 0.021) and presented with isolated colonic disease (*P* = 0.033). No clinical characteristics were significantly associated with *FERMT1* scores. Patients with higher *LRBA* gene pathogenicity scores more often underwent any IBD-related surgery (*P* = 0.006).

###### 

Clinical phenotype characteristics associated with genes overburdened with pathogenic mutations in patients with inflammatory bowel disease (IBD)

![](ct9-11-e00129-g006)

Across all European ancestry patients, higher mutational burden within *NOD2* was associated with lower use of 5-ASA medication (*P* = 0.002), consistent with this drug being of primary use in UC. These patients also had a significantly higher rate of stricturing disease (*P* = 6.6 × 10^−7^) confirming the association observed at the monogenic variant level. We hypothesized that GenePy may identify an association between stricturing disease driven by patients who carry a high *NOD2* mutational burden but did not fulfill the criteria for "pathogenic" or "likely pathogenic" monogenic *NOD2*-related disease. Therefore, we excluded patients with "pathogenic" or "likely pathogenic" monogenic *NOD2* variants, and for the remaining 338 patients, we repeated the regression analysis of *NOD2* GenePy scores. Despite limiting this analysis to patients who do not fulfill the criteria for "pathogenic" or "likely pathogenic" NOD2 variation, there endures a striking negative correlation between a high *NOD2* gene pathogenicity score and the use of 5-ASA (*P* = 0.006) and a strong positive correlation with stricturing disease (*P* = 7.3 × 10^−4^).

DISCUSSION {#s4}
==========

In our unselected cohort of pediatric patients, we identified a "pathogenic" or "likely pathogenic" variant, in a known monogenic IBD gene, in 11.5% of patients. When considering VEOIBD only, this rate was 16.7%. Over the recent years, NGS has identified Mendelian causes of patients presenting with particularly severe IBD-like phenotypes ([@R43],[@R44]). The perceived wisdom is that these are exceptional cases masquerading as IBD, and contemporary molecular diagnostics are unlikely to yield clinically relevant diagnostic rates within the general IBD population ([@R18]). In this study, we applied extremely stringent filtering criteria insisting on validated functional evidence for variants and our observations are likely to underestimate the true prevalence of monogenic gene variants. Whether this nontrivial rate is maintained in adult cohorts remain to be seen.

*NOD2* was the first genetic locus identified in IBD and was designated the IBD1 locus through linkage studies in the 1990s ([@R4]). These analyses were focused on pedigrees with early onset and severe disease and suggested an AR inheritance pattern ([@R45],[@R46]). More recently, *NOD2* has been the most consistent hit in GWAS of IBD and fueled the argument for common variation predisposing to disease, with many studies focusing on R702W, G908R, and 1007fs only ([@R47],[@R48]). Our findings are consistent with monogenic *NOD2*-related disease representing the molecular basis of 5% of all pediatric IBD cases, increasing to 7.3% for CD. Most cases harbored compound heterozygous variants, having one low frequency variant and a second different very rare/novel mutation. This supports previous data from the 2000s, where studies independently identified a RR of 9.8--44 in individuals with compound heterozygous or homozygous *NOD2* variants. However, these studies were limited by identifying only commonly reported *NOD2* variants and did not account for additional rare or novel variants ([@R5],[@R6],[@R8]). Our results reinforce the recent evidence by Horowitz et al. ([@R7]) who suggested that up to 7.8% of pediatric patients had monogenic *NOD2*-related disease, and the modest differences in diagnostic rates between both studies are likely because of our application of conservative and stringent filtering criteria. Our data additionally report the distinct clinical characteristics that segregate with monogenic *NOD2*-related disease. We describe the E963G variant as "likely pathogenic" based on *in silico* evidence, segregation with a known pathogenic variant, and the presence with a distinct stricturing phenotype; however, classification of novel variants without functional validation remains challenging and confirmation of the impact of this variant is important.

A relationship between *NOD2* variation and stricturing disease phenotype was first discussed in 2002. Abreu et al. ([@R49]) reported ORs of 2.4 and 7.4 for heterozygous and pooled compound heterozygous/homozygote variants, respectively, in an analysis limited to R702W, G908R, and 1007 fs mutations. Subsequent studies, summarized elsewhere, have questioned whether this association is because of *NOD2* predisposing to ileal disease, rather than fibrostenotic disease *per se*, with conflicting results ([@R50]). Many of these studies examined a limited number of variants (R702W, G908R, or 1007 fs), did not correct for ileal disease location, or did not differentiate between heterozygous and compound heterozygous/homozygote variants ([@R50]). To our knowledge, this study is the first to analyze stricturing phenotype while considering *NOD2* as a monogenic cause of disease, including all rare and novel variants passing the stringent filtering criteria. After correction for disease location, we observe a striking increase in stricturing disease and surgical resection risk in monogenic *NOD2* patients, with the highest reported RR to date (4.32 and 4.59, respectively).

Additional monogenic causes for disease were identified in this cohort, with clear phenotype-genotype correlation observed for some variants. We describe the second report of monogenic IBD associated with variants in *TRIM22* ([@R37]). One of our patients has a phenotype consistent with the recent description of severe early onset perianal CD; however, we describe 4 patients with a severe but variable phenotype. This suggests a spectrum of *TRIM22*-related disease presenting throughout childhood. We identify a novel relationship between severe extensive UC, PSC, and the *WAS* P460S variant not previously reported in IBD, which may have treatment implications for patients presenting with this genotype ([@R38]). This variant allele has a frequency of 0.0023 and may impart variable penetrance similar to other X-linked IBD genes ([@R18]).

Application of a whole gene pathogenicity scoring tool enabled us to assess the burden for any given gene in individuals, rather than assessing single variants only. Despite no individual patient fulfilling strict criteria for monogenic disease, *ADA*, *FERMT1*, and *LRBA* accumulated significantly higher mutation burden in cases compared with controls. Either the observed variants in these genes play a role in polygenic IBD risk or there are additional noncoding mutations undetected by exome sequencing that lead to AR disease in patients with higher mutation burden. Nevertheless, we discern clinically informative significant associations between *LRBA* pathogenic burden in children with increased rates of IBD-related surgery.

Using GenePy, we confirm a significant role for *NOD2* in stricturing disease, excluding monogenic *NOD2* diagnoses. Our results indicate that within the set of patients not achieving a *NOD2* monogenic disease diagnosis, there remain patients whose disease is underpinned by deficient *NOD2* signaling. These data provide further evidence that *NOD2* heterozygosity has either some penetrance, that cumulative burden of mild *cis* or *trans* variants impact on disease, or more likely, an undetected mutation in noncoding regulatory region(s) constitute the "second hit" under a recessive model. Although GenePy provides a contemporary method for assessing pathogenicity across a gene, it is limited by the imperfection of deleteriousness metrics, as evidenced by the modest CADD score assigned to the *NOD2* V955I variant, despite this variant\'s known role in disease. It is possible that variants such as V955I are in linkage disequilibrium with additional intronic or promotor variants, not detected through whole exome sequencing, which is the true "second hit" in a recessive model in these patients. There is a clear necessity for more functional workup of variant impact, both on a *per variant* basis and in combination (both *cis* and *trans*). Multiple variants within a single haplotype have the potential to behave diversely---acting in synergy to reduce or increase functionality or may mutually compensate in ways that cannot be predicted by single variant functional analyses.

Missing heritability of IBD remains. Twin studies estimate heritability at 0.75 in CD and 0.67 in UC compared with 0.37 and 0.27 from the GWAS data ([@R51]). Because GWAS are only powered to detect features attributable to common variation, some of this missing heritability is likely because of very rare or private mutation, as observed through identification of rare variants and increased mutation burden in patients in this study.

Accumulating data provide compelling evidence to advocate for *NOD2* screening in newly diagnosed IBD to inform predictive algorithms for treatment including the need for surgical resection ([@R7]). Enabling personalized therapy becomes more important with the development of new drugs, such as *RIPK2* inhibitors, that modulate the *NOD2* signaling pathway ([@R52],[@R53]). However, focusing only on *NOD2* would limit the potential benefits of precision diagnostics by excluding analysis of other genes, as evidenced by clinically relevant variation in *TRIM22* and *WAS* in this modest cohort. Any monogenic IBD gene panel would need to adapt flexibly alongside gene discovery. National programs are committing to providing NGS for any child admitted to intensive care with an unknown diagnosis because this approach has achieved a diagnostic rate of 25%. The value of a molecular diagnosis, especially one that provides certain prognosis and bespoke management to a child with a serious chronic disease, is invaluable. Our data deliver persuasive evidence for NGS diagnostics as a standard of care in pediatric-onset IBD, providing a precise diagnosis and personalized therapy for a substantial number of patients.
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